Metamaterials made of nanoscale inclusions or artificial unit cells exhibit exotic optical properties that do not exist in natural materials. Promising applications, such as super-resolution imaging, cloaking, hyperbolic propagation, and ultrafast phase velocities have been demonstrated based on mostly micrometer-scale metamaterials and few nanoscale metamaterials. To date, most metamaterials are created using costly and tedious fabrication techniques with limited paths toward reliable large-scale fabrication. In this work, we demonstrate the one-step direct growth of self-assembled epitaxial metal−oxide nanocomposites as a drastically different approach to fabricating large-area nanostructured metamaterials. Using pulsed laser deposition, we fabricated nanocomposite films with vertically aligned gold (Au) nanopillars (∼20 nm in diameter) embedded in various oxide matrices with high epitaxial quality. Strong, broad absorption features in the measured absorbance spectrum are clear signatures of plasmon resonances of Au nanopillars. By tuning their densities on selected substrates, anisotropic optical properties are demonstrated via angular dependent and polarization resolved reflectivity measurements and reproduced by full-wave simulations and effective medium theory. Our model predicts exotic properties, such as zero permittivity responses and topological transitions. Our studies suggest that these self-assembled metal−oxide nanostructures provide an exciting new material platform to control and enhance optical response at nanometer scales.
particular, artificial materials composed of noble metal nanorods (specifically, gold and silver), either free-standing or embedded in dielectrics, have received wide interest due to their unique plasmonic properties arising from the interaction between surface plasmon polaritons and electromagnetic waves. 1, 2, 11, 16 Significant efforts have been devoted to fabricating these metamaterials, including bottom-up template-assisted electroplating 2, 11 and top-down nanofabrication techniques (stacked electron-beam lithography, 17, 18 membrane projection lithography, 7 direct laser writing, 19 and so forth). For example, silver nanowire (60 nm in diameter) arrays supporting negative refraction, and gold nanowire (20−40 nm in diameter) arrays operating as plasmonic nanoantennas have been realized by filling porous alumina template with electrochemical plating. 1, 2 Three-dimensional micrometer-scale fishnet metamaterials with negative refractive index were fabricated by focused ion-beam (FIB) milling of silver and magnesium fluoride multilayers. 3 Micrometer-scale Ti/Au split ring resonators were deposited using electron-beam evaporation and membrane projection lithography. 7 Despite the enormous progress recently made in fabrication and processing techniques, the tedious patterning and lithography steps, as well as the costly nanoscale FIB-based process, have hindered the practical applications of these nanoscale and micrometer-scale metamaterials. For instance, template-assisted electroplating requires complicated procedures and is inherently limited by the fact that the alumina template is difficult to integrate with other wafer-based devices and processes. In addition, nanofabrication involving electronbeam lithography and FIB milling faces issues of low speed and potential material damage due to the high-energy electronbeam or ion-beam involved.
Epitaxial metal−oxide self-assembled nanocomposites are proposed as an ideal platform to realize nanoscale metamaterials, as illustrated in the schematic diagram in Figure 1 . The growth of such epitaxial metal−oxide vertically aligned nanocomposite (VAN) structures, however, presents critical challenges. For example, potential interdiffusion between metal and oxide phases during both high-temperature target processing and film deposition, the vastly different surface energies and dissimilar growth kinetics of metal and oxide phases, are all previously considered as insurmountable challenges.
In this work, we demonstrate a new self-assembly approach to fabricating nanoscale metamaterials consisting of epitaxial metallic nanopillars in oxide matrices using a one-step pulsed laser deposition (PLD) method. To overcome the abovementioned challenges in creating metal−oxide epitaxial composites, we select thermally stable face-centered cubic gold (Au) and tetragonal barium titanium BaTiO 3 (BTO). Detailed microstructural characterizations demonstrate highquality vertically aligned epitaxial Au nanopillars embedded in the BTO matrix. Optical measurements supported by theoretical simulations reveal anisotropic optical properties of these VAN films. The success of growing different metal−oxide VAN structures, outperforming conventional fabrication methods, suggests great potential of our new one-step selfassembly growth method for producing new nanoscale metamaterials with a wide variety of applications, including graded metasurfaces to manipulate light at will, 20 hyperlenses, 21,22 and hyperbolic structures, 20, 22 offering strong lightmatter interactions at nanoscale.
To identify the phases and growth orientations of the fabricated nanocomposite thin films, X-ray diffraction (XRD) patterns were collected for the Au−BTO thin films grown on SrTiO 3 (STO) (001) and c-cut α-Al 2 O 3 substrates as shown in Figure 2 , respectively. The STO (001) substrate (a = 3.905 Å) was chosen because of its excellent lattice matching with both Au (a = 4.080 Å) and BTO (a = 3.992 Å), while the c-cut α-Al 2 O 3 was selected to facilitate the optical measurements. There are several notable features in the XRD patterns. First, in the XRD θ−2θ scan (in log scale, Figure 2a ) of the STO substrate sample, the distinct (00l) peaks of BTO indicate the highly textured growth of BTO matrix on the STO substrate along [001] direction. The broadened BTO (002) peak indicates its overlapping with Au (002) peak because of the quite similar out-of-plane lattice parameters of Au (a = 4.080 Å) and BTO (c = 4.036 Å). Besides the primary Au (002) orientation, there are additional diffraction peaks from Au (111) Figure 2d ) indicates that Au−oxide VAN structure can also be obtained in other systems on different substrates besides the Au−BTO system. The versatile selection of oxide matrices demonstrates that this one-step self-assembled growth method could be applicable to a large variety of epitaxial metal−oxide VAN structures.
As illustrated in the schematic in Figure 3e , the Au−BTO VAN structure with two phases grows as self-assembled nanopillars embedded in an oxide matrix on a STO substrate. Both plan-view and cross-sectional transmission electron microscopy/scanning transmission electron microscopy (TEM/STEM) analysis were conducted to resolve the 3D Figure 1 . Design and schematic illustration of a self-assembled epitaxial metal (e.g., Au)-oxide (e.g., BaTiO 3 (BTO)) vertically aligned nanocomposite (VAN) structure. The schematic demonstrates the concept of metal−oxide VAN structures as nanostructured metamaterials with tunable metallic nanopillar density. Such ordered nanostructured metamaterials pave a new avenue for controlled lightmatter interactions at the nanoscale. Figure S1 ). High-resolution plan-view STEM image of a typical rectangular shaped Au nanopillar ( Figure 3c ) embedded in the BTO matrix shows a lattice matching relationship of (002) Au ∥(002) BTO ∥(002) STO , and (202) Au ∥-(101) BTO ∥(101) STO , which also confirms the cube-on-cube growth of Au nanopillars. Both the distinct lattices together with the sharp Au−BTO phase interface demonstrate the highly textured growth of Au nanopillars and BTO matrix without obvious intermixing. Plan-view energy-dispersive X-ray spectroscopy (EDS) elemental mapping of Au, Ba, and Ti confirms the clear phase separation of Au and BTO without obvious interdiffusion (Figure 3a ). Important for tunable optical properties, the density of selfassembled Au nanopillars in the VAN films can be easily tailored by controlling the content of Au in the composite target. Figure S2a ,b clearly shows the plan-view TEM images of Au−BTO grown on STO substrate with a lower (∼3.1 × 10 10 cm −2 ) density and a higher (∼4.9 × 10 10 cm −2 ) density of Au nanopillars. The flexible density tunability of this one-step selfassembly method makes it clearly superior to the previously reported phase decomposition method of fabricating metal pillars with limited density tunability. 23 Beyond the control of density, we are further optimizing the growth parameters to achieve ordered distribution of Au nanopillars in the matrix.
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High-resolution cross-sectional STEM imaging coupled with EDS mapping has been performed to investigate the 3D composition distribution of the nanopillars. The formation mechanism of self-assembled epitaxial metal− oxide VAN structures can be described by three steps: adatom diffusion, initial two-phase nucleation, and further growth of the two phases. Owing to the vastly different surface energies (1.50−1.63 J/m 2 for Au, ∼1.24 J/m 2 for BTO, ∼1.26 J/m 2 for STO) 24, 25 and wettability, Au adatoms diffuse and nucleate as islands to minimize its high surface energy via the Volmer− Weber (VW) growth mode (3D) while BTO adatoms nucleate Compared to the previously reported cermet bulk materials (i.e., ceramic (cer) and metallic (met) composite materials) where metal and ceramic are mixed in polycrystalline bulk form, 30, 31 the metal−oxide VANs in our work demonstrate selfassembled epitaxial vertically aligned nanopillars embedded in an oxide matrix with high ordering and flexibility in density control. This one-step direct growth of Au−oxide metamaterials exhibits advantages over the previously reported gold nanorods aligned in polymer composites 32 and bulk gold nanorods dispersed in anisotropic fluids which requires more fabrication steps, albeit with switchable polarization-sensitive plasmon resonances. 33, 34 Furthermore, the simple one-step selfassembly method for creating 3D Au−BTO VAN structure in this work also outperforms the template-assisted electrochemical deposition method 11, 35 in several important aspects. First, the epitaxial metal−oxide VAN structure is achieved by simple one-step pulsed laser deposition process that prevails over the tedious electrochemical deposition with complicated procedures. 35 Second, no template is required for this method compared to the electrochemical deposition assisted by anodic aluminum oxide template. Using this self-assembly method, the selection of oxide matrices could be more flexible as demonstrated in Figure 2d and Figure S5a (Au−ZnO nanocomposite), as well as Figure S5b ,c (Ag−BTO nanocomposite). Lastly, functional coupling between metallic pillars and oxide matrices in the epitaxial metal−oxide VANs could be stronger than that in the structures processed by electrochemical deposition. The interface coupling between metallic pillars and oxide matrices could be utilized to achieve versatile functionalities by combining different metals and oxides.
A key feature of the VAN thin films is their anisotropic and largely tunable optical properties. This optical response strongly depends on the plasmon resonances of individual Au nanopillars, and on the density with which they are embedded in the matrix. We characterized the fundamental optical properties of these VAN films by performing absorbance measurements at normal incidence, as well as angle-dependent Figure  4a ), which is reproduced well from simulation ( Figure 4b ) using approximated geometry and according to real sample (Figure 4c,d ). There are two pronounced features that correspond to pillars embedded in the BTO matrix, near 650 nm (Figure 4f ), or Au pillars that transect the BTO−air interface, providing the greatest absorbance experimentally observed near 520 nm (Figure 4e ). Comparison with control BTO film (see Figure S6 ) confirms that the strong resonance is due to the Au inclusions, indicating the high optical quality of the composite VAN thin film structure. We used angle-dependent and polarization-resolved reflectivity to measure optical anisotropy of the VAN films. Full-wave simulations of these data reproduced well the experimentally measured spectra, demonstrating that the optical properties of VAN films can be captured by a simple model of a uniform pillar array embedded in the oxide matrix, as described below and in the Experimental Section. The subwavelength nature of the pillars allows us to model the VAN films as a homogeneous medium with an anisotropic permittivity, providing additional physical insights into their optical response. We present representative reflectivity measurements performed on an Au−BTO VAN grown on STO in Figure 5b with the measurement geometry illustrated in Figure 5a . First, the measurements were compared with full-wave simulations of a uniform nanopillar array embedded in the oxide matrix as illustrated in Figure 5c . An average single unit-cell representing the fabricated composite material is simulated using periodicboundary conditions, thus yielding the optical response of an ideally infinite periodic sample. The cell is composed of an average nanopillar radius of ⟨r⟩ = 9 nm and an average squared unit-cell size of ⟨L⟩ = 45 nm. These geometrical parameters are chosen based on the analysis of SEM images (see Figure S4 ). The simulation results, obtained using the full-wave commercial software CST Design Studio, are shown in Figure 5d , demonstrating excellent agreement with our measurements.
In order to fully characterize the optical properties of the VANs, one needs to obtain the anisotropic permittivity of the films. To this end, we exploit the subwavelength dimensions of the individual nanopillar to describe the composite material as a homogeneous medium with a uniaxial permittivity tensor, as illustrated in Figure 5e . This permittivity can be expressed using an effective medium theory (EMT) that includes spatial dispersion (nonlocality) effects 36 as , δ zz ≈ 0.04−0.006i is an empirical parameter that measures the importance of nonlocality in the response of the composite material for excitation parallel to the rods, p is the filling factor, ε BaTiO 3 is the bulk BaTiO 3 permittivity, and ε Au represents the Au permittivity. The mean free path of electrons in Au depends on the crystalline quality and the finite-size of the material. 36 Consequently, ε Au varies with the nanopillar radius (see Experimental Section). The wavenumber k z is obtained by solving the dispersion relation for the three modes supported by the VAN (see Experimental Section for details). The effective optical permittivity, plotted in Figure 5f for the sample described above, is essentially a linear combination of those from the Au nanopillar and the oxide matrix, with corrections introduced by additional electromagnetic modes due to coupling between the nanopillars. This effective homogeneous model not only closely reproduces the measured reflectivity spectra (see Experimental Section) but also provides an easy explanation for the key features of the measured/simulated reflectivity spectra. In the case of s-polarized light (see Figure 5b,d) , whose electric field is parallel to the surface, the reflectivity increases for tilted incident angles, as expected from classical electromagnetic theory. 37 A peak at around 550 nm observed in the imaginary part of the in-plane permittivity (ε xx = ε yy ) is associated with an increase of absorption losses at this frequency. This reflectivity reduction is also found in the case of p-polarized incident light. The electric field of p-polarized incident light possesses a component aligned along the nanopillars, thus allowing a strong interaction with the VAN and leading to a resonance at around 1000 nm. The fact that this resonance does not appear in the case of s-polarized light confirms the extreme anisotropy of the fabricated structures. Specifically, this peak is associated with the extremely dispersive response of the perpendicular component of the effective permittivity (ε zz ) in this frequency range, which reaches epsilon near zero values at around 1000 nm. This unusual electromagnetic response can be exploited in applications, for instance, to fabricate hyperlenses, 21, 22 or to shape the radiation pattern of nearby emitters located nearby. 38 In addition, ε zz changes sign at slightly higher wavelengths and therefore our composite structure behaves as a hyperbolic metamaterial 36, 39 for higher wavelengths, indicating an optical topological transition. 40, 41 This regime also provides very unique optical properties, allowing exciting phenomena such as negative refraction, focusing, and a dramatic enhancement of the spontaneous emission rate of dipoles located nearby. Most importantly, the analytical homogeneous model derived here allows one to design and fabricate specific nanocomposites with designed optical response taking advantage of the rich electromagnetic features that these nanoscale metal−oxide VANs can offer. In summary, self-assembled highly epitaxial Au−oxide vertically aligned nanocomposite (VAN) thin films have been fabricated by a simple one-step pulsed laser deposition method on different substrates. Microstructural characterizations have shown that Au nanopillars with tunable densities are uniformly distributed in the oxide matrices with high ordering and excellent epitaxial quality. The strong broad absorption features in the absorbance spectrum are attributed to resonant surface plasmon polaritons supported by the Au nanopillars. Angulardependent and polarization resolved reflectivity measurements supported by extensive simulation and modeling have demonstrated anisotropic optical properties. We emphasize that compared to other fabrication techniques our selfassembled one-step epitaxial growth of metal−oxide nano-composites permits control over the density, size, and alignment of nanopillars instead of random distribution of particles in the oxide matrix. These controls open unprecedented possibilities for large scale and reliable development of nanoscale photonic materials enhancing light-matter interactions at the nanoscale for novel applications.
■ EXPERIMENTAL SECTION
Sample Fabrication. Composite two-phase Au−BaTiO 3 (with the volume ratio of Au ∼21% and 35%, respectively) and Au−ZnO (with the volume ratio of Au ∼41%) targets were prepared by a conventional solid state sintering process under flowing Ar/H 2 atmosphere. Self-assembled epitaxial Au− BaTiO 3 and Au−ZnO vertically aligned nanocomposite thin films were deposited on single crystal SrTiO 3 (001) and c-cut α-Al 2 O 3 substrates, respectively, by a pulsed laser deposition method with a KrF excimer laser (Lambda Physik, λ = 248 nm). The laser beam was focused onto the target surface at an incident angle of 45°obtaining an energy density of about 4.0 J/cm 2 . Before depositions, the chamber was pumped to a base pressure of 9.7 × 10 −7 mbarr or lower. A substrate temperature ranging from 400 to 800°C was maintained during depositions. After depositions, the samples were cooled down to room temperature under high vacuum.
XRD, SEM, TEM, and STEM HAADF Imaging. The microstructures of the films were investigated by highresolution X-ray diffraction (XRD, PANalytical Empyrean), ultrahigh resolution field emission scanning electron microscopy (SEM, JEOL JSM-7500F), and transmission electron microscopy (TEM, FEI Tecnai G2 F20 ST Materials). FEI Titan G2 80-200 microscope with a Cs probe corrector and TEAM 0.5, a modified FEI Titan microscope with a special high-brightness Schottky field emission electron source and an improved hexapole-type illumination aberration corrector, were employed to record the scanning transmission electron microscopy (STEM) images in high-angle annular dark-field (HAADF) mode. The samples used for TEM and STEM analysis were prepared by a standard manual grinding and thinning procedure followed by final ion polishing in a precision ion polishing system (PIPS 691, Gatan). EDS Chemical Mapping. A FEI Titan G2 80−200 STEM with a Cs probe corrector and ChemiSTEM technology (X-FEG and SuperX EDS with four windowless silicon drift detectors) operated at 200 kV was used in this study for energydispersive X-ray spectroscopy (EDS) chemical mapping. 42 EDS spectral images were acquired with an electron probe of size <1.2 Å, convergence angle of 18.1 mrad, and current of ∼100 pA. Spectral images were acquired as a series of frames, where the same region was scanned multiple times. The frames were spatially drift-corrected to build up spectral image data using a reference HAADF image. The instantaneous dwell time on each pixel was 20 μs, and a typical frame was 400 × 400 pixels. Spectral image collection typically took about 2000 s, yielding a total per pixel dwell time of about 12 ms. 43, 44 Optical Measurements. Absorbance was determined by measuring reflection and transmission spectra with an optical microscope (Witec Alpha 300). Broadband, nonpolarized LED illumination at normal incidence was focused with an NA = 0.4 objective, and reflection from the sample was normalized by comparison to an Al mirror. Transmission measurements were normalized to the free space transmission collected by an NA = 0.8 objective positioned below the sample stage. Angularresolved reflection spectra were measured using a spectroscopic ellipsometer (Woollam VASE ellipsometer M2000). Collimated white light with approximately 3 mm diameter and either p-or s-linear polarization was used to illuminate the sample. The intensity of the reflected beam was recorded and normalized to a reference level, which was obtained by sending the white light source directly into the detector. The plane of incidence is parallel to the vertically aligned nanopillars.
Numerical Simulations. Full-wave simulations accounting for the contribution to absorption provided by individual nanopillars (Figure 4) were performed using the finitedifference time-domain method. Optical constants for gold were taken from Rakic. 45 Constants for BTO and STO were taken from Wemple, 46 and Dodge, 47 respectively, and adjusted to match experimental data. The simulation geometry was modeled from a cross-sectional TEM of an 80 nm thick Au VAN layer in BTO deposited on an STO substrate. Perfect matching layer boundary conditions were used on the top and bottom edges of the simulation window, while the four edges normal to the surface employed periodic boundary conditions to approximate an infinite film. A plane wave source injected light (λ = 400−800 nm) with polarization along the x-axis. A mesh size of 2.5 nm was used to resolve the BTO layer with Au nanopillars. The generally broader spectral features and enhanced absorbance observed experimentally likely indicates a greater distribution of Au pillar widths and orientations compared with the simulated geometry.
We model the optical permittivity determined from ellipsometry measurements ( Figure 5 ) based on an idealized composite consisting of identical Au nanopillars arranged in a square lattice. We keep the first order correction to permittivity due to spatial dispersion arising from the embedded Au nanopillars. We also apply Maxwell-Garnett (MG) theory to derive effective permittivity tensor by treating the composite as a uniaxial bulk material where the extraordinary optical axis is along the Au nanopillars. Both homogenized Au nanopillars lattice model and MG model reproduce optical property of this metamaterial qualitatively and quantitatively. The homogeneous uniaxial permittivity tensor is described in eqs 1 and 2, whereas Au permittivity is given by 
